Background/Aims: Uterine rudiments from patients with Mayer-Rokitansky-Küster-Hauser syndrome (MRKHS) contain all tissues typically found in the uterus. Endometrium from the rudiments predominantly exhibits basalis-like features, and endometrial proliferative capacity in patients' epithelium and stroma is significantly lower. Methods: This single-center, prospective study conducted at a major German university hospital compared in-vitro decidualization in cultured ESCs from MRKHS patients and hysterectomy controls. Primary ESC cultures were established from both sources. Hormone-induced prolactin and IGFBP-1 secretion served as a measure of their ability to undergo decidualization in response to hormonal stimulation. Expression levels of 8 key marker genes of decidualization were also determined. Results: At day 9, mean secretion of prolactin and IGFBP-1 was significantly reduced by 89.0% and 99.5%, respectively, in MRKHS ESCs vs. hysterectomy controls, both indicating impaired decidualization of MRKHS ESCs. Key decidual markers confirmed impaired decidualization in MRKHS patients. Conclusion: Our results indicate that the ESCs from MRKHS patients lack hormone responsiveness as a potential sign of dysfunctional hormone receptor function, which may also play a role in the onset of MRKHS. Further studies are needed to corroborate our findings, directly address receptor function, and elucidate the role of other potential determinants of uterine development and adult function.
Decidualization is Impaired in Endometrial

Introduction
Mayer-Rokitansky-Küster-Hauser (MRKH) syndrome (MRKHS) is a congenital uterovaginal malformation in which the normal embryonic development of the female internal genitalia is arrested during the first trimester, resulting in the partial or complete absence of the uterus and the upper two thirds of the vagina. In the majority of cases, a rudimentary uterus forms, consisting of two uterine remnants [1] . The remnants generally contain an intact myometrial layer and, in rare cases, a layer of endometrium [2, 3] .
MRKHS occurs in two basic phenotypes; type 1 is characterized by isolated uterovaginal aplasia or hypoplasia whereas type 2 is additionally associated with renal, skeletal, or other malformations. The exact cause of this developmental disorder remains unknown despite extensive genetic studies. Candidate gene approaches have focused on genes involved in the development of the female reproductive tract or genes known to be associated with disorders with similar manifestations, e.g., PAX2, WT1, GALT, HOXA7-13, PBX1, AMH, and the WNT gene family [4] [5] [6] [7] [8] [9] [10] [11] [12] . However, so far no common genetic variations have been found in a larger group of MRKHS patients. We therefore studied the rudimentary organ itself and demonstrated in earlier histological and immunohistochemical work that the proliferative capacity of endometrium was significantly reduced in uterine rudiments from MRKHS patients [2] . In a first-ever study using combined whole-genome expression and methylation to investigate the potential role of epigenetic factors, we found, inter alia, that hormone receptors were overexpressed in uterine rudiments from MRKHS patients [13] . The observed local overexpression of estrogen receptor 1 (ESR1) and progesterone receptor (PGR) may have resulted from a positive feedback loop to compensate for functional restrictions, as proliferation capacity is significantly reduced.
Moreover, increased ESR1 expression may have resulted in aberrant activation of the anti-Müllerian hormone (AMH) promoter during embryonic development of the female reproductive tract and, ultimately, regression of the Müllerian ducts [13] , thus constituting a functional, local cause for the observed absence of the uterine organ. This hypothesis is supported by our histological and immunohistochemical analyses of the structure of uterine rudiments from MRKHS patients [2] . This earlier work showed that the endometrial layer in the uterine rudiments predominantly exhibited basalis-like features, but revealed no significant quantitative difference compared with healthy control tissue regarding the expression of both ESR1 and PGR in the endometrium and myometrium [2] .
Quantitative or functional deficiency of PGR or ESR1 have been suggested as causes of MRKHS via the effect of maternal hormones on the embryo [14] , as women with the disorder have a normal female karyotype, functioning ovaries, normal sex hormone levels, and normal female secondary sexual characteristics [15] [16] [17] . Hence, besides the developmental anomaly of the uterus, all other estrogen and progesterone-dependent tissues (e.g. the breast) are normally developed in women with MRKHS. And still, during puberty, even in the presence of normal blood hormone levels, usually no further development or cycle dependent differentiation occurs in uterine rudiments or their endometrial tissue (e.g. no development of relevant hematometra). This supports the above hypothesis of a local deficiency in hormone receptors.
Decidualization occurs during the secretory phase of the menstrual cycle and involves the estrogen-primed and progesterone-induced differentiation of endometrial fibroblasts into secretory, or decidual cells [18, 19] . Prolactin (PRL) and insulin-like growth factor binding protein-1 (IGFBP-1) are key secretory markers of this differentiation process [20] [21] [22] [23] [24] .
Against this background, we conducted the first study of its kind to possibly indirectly test ESR1 and PGR function in MRKHS by investigating primary endometrial stromal cells (ESCs) cultured from MRKHS uterine rudiments for their ability to efficiently undergo estrogen and progesterone-induced in-vitro decidualization in comparison with ESCs from non-MRKHS hysterectomy controls undergoing hysterectomy for benign disease. Prolactin and IGFBP-1 secretion by cultured ESCs served as a measure of hormone responsiveness
Patients and tissues
Uterine rudiments were removed from 37 MRKHS patients during laparoscopically assisted creation of a neovagina. Out of 43 rudiments collected and examined for the presence of endometrium, only 11 rudiments from 8 different MRKHS patients (mean age (SD), 24.5 (9.7) years) yielded sufficient endometrial tissue for ESC cultivation. For use as controls, endometrial tissue was obtained from 10 premenopausal non-MRKHS control patients (aged 43.0 (3.9) years) undergoing hysterectomy for benign indications. Premenopausal status was ascertained by female hormone profile or a detailed menstrual history. Before surgery, the controls had regular menstrual cycles and no relevant secondary diagnoses (in particular, no adenomyosis, endometriosis, or functional ovarian cysts), and all except one had proven fertility as evidenced by at least one pregnancy and delivery.
MRKHS patients' and controls' cycle phases were determined by hormone profiles one day before surgery. Cycle phase 1 (the proliferative phase) was defined by progesterone levels <2.5 ng/mL, whereas cycle phase 2 (the secretory phase) was defined by progesterone levels >5 ng/mL and a LH/FSH ratio >1.5, in accordance with our central laboratory's standards.
In the case of four controls for whom no hormone profiles were available the cycle phase was determined by taking a detailed menstrual history.
Endometrial stromal cell culture
After histological evaluation, endometrial tissue was scraped off the underlying myometrium of the uterine rudiment or control uterus using a scalpel. The harvested tissue was immediately transferred to a petri dish under sterile conditions. ESCs were isolated and cultivated according to Fluhr (personal communication, 2013 and [25] ). Briefly, minced endometrial tissue was digested for 1 hour at 37°C in 0.5% collagenase (Biochrom, Berlin, Germany) in GIBCO® Dulbecco's Modified Eagle Medium: Nutrient Mixture F-12 (DMEM/F-12) without phenol red (GIBCO/Life Technologies, Darmstadt, Germany). During incubation, the solution was pipetted up and down regularly until it was completely homogeneous. Enzymatic activity was subsequently stopped by adding the same volume of DMEM/F-12 without phenol red containing 10% fetal bovine serum to the suspension. Dispersed ESCs were isolated by subsequent filtration through a 40 µm sieve (BD Falcon, Heidelberg, Germany). Epithelial cells were trapped while ESCs passed the sieve, yielding ESC cultures of >90% purity. After filtration, the isolated ESCs were washed with phosphate buffered saline and cultured in DMEM/F-12 cell culture medium without phenol red containing 10% charcoal-stripped fetal bovine serum (Life Technologies, Darmstadt, Germany), 5 µg/mL gentamicin (Biochrom, Berlin, Germany), and 1.1% antibiotic antimycotic (GIBCO/Life Technologies) in 75 cm² culture flasks (Greiner-Bio-One, Frickenhausen, Germany). After a short 30-min incubation, the culture medium was removed to eliminate the remaining blood cells and debris. Subsequently, the culture medium was changed every third day until the cells reached confluency. For optimal decidualization conditions it was important that the ESC cultures were passaged only once as higher-passage cultures reduced the cells' decidualizing potential [26] .
Immunohistochemistry
Uterine rudiment tissue from each MRKHS patient was examined to establish whether hormone responsiveness in vivo was adequate and correlated with the resulting ESC cultures' ability to undergo proper decidualization. To this end, tissue sections from each MRKHS uterine rudiment were analyzed by immunohistochemistry as described in the following to determine the presence or absence of ESR1, PGR and the endometrial proliferation marker Ki-67. For quantification, immunoreactivity scores (IRSs) were calculated for each antigen according to a published method [27] .
After removing ESCs for cell culture, the remaining rudiment tissue was fixed in formalin and embedded in paraffin. Subsequently, 4 µm sections were cut from each block and stained with hematoxylin-eosin. Segments that showed evidence of a lumen-like structure after staining were further characterized by immunohistochemistry. To this end, 4 µm sections were cut from selected tissue blocks and mounted on Superfrost™ slides (Thermo Fisher Scientific, Walton, MA, USA). Immunohistochemistry (IHC) was performed using a Ventana Discovery automated immunostaining system and Ventana reagents (Ventana Medical Systems, Tucson, AZ, USA). Sections were deparaffinized with inorganic buffer. Depending on the protocols for the different antigens, sections were pretreated with ethylenediaminetetraacetic acid (EDTA) based buffer adjusted to pH 8.0 for ESR1, pH 6.0 for PGR, and pH 8.4 for Ki-67 (a marker of cellular proliferation). Heatinduced epitope retrieval (HIER) was performed for all antigens before the primary antibody was applied and incubated for one hour at room temperature (monoclonal rabbit anti-human estrogen receptor, clone SP1, DCS Innovative Diagnostik-Systeme, Hamburg, Germany, dilution 1:100, antibody diluent Zytomed Systems, Berlin, Germany; monoclonal rabbit anti-human progesterone receptor, clone SP2, DCS Innovative Diagnostik-Systeme, Hamburg, Germany, dilution 1:150, antibody diluent DCS diluent; monoclonal mouse anti-human Ki-67 antigen, clone MIB-1, M7240, Dako Cytomation, Glostrup, Denmark, dilution 1:200, antibody diluent Zytomed Systems). All stains were performed using a biotinylated detection kit containing diaminobenzidine and horseradish peroxidase (DABMap Kit Ventana). The slides were counterstained with hematoxylin and Blueing Reagent (Roche 760-2021), washed and dehydrated with a graded ethanol series (40%, 70%, 96%), and finally covered with Cytoseal™ (Thermo Fisher Scientific, Walton, MA, USA). Nonexpressing tissues on the slides were used as an internal negative control (e.g. small vessels for hormone receptors and non-proliferating myometrium for Ki-67). In addition, staining protocols omitting the primary antibody steps were used as negative controls.
Interpretation of immunostains
The ESR1 and PGR immunostains were evaluated using a semi-quantitative immunoreactivity scoring (IRS) system [27] . In brief, a score of 0-3 was given for nuclear stain intensity and then multiplied with a second score of 0-4 for the percentage of positive cells (score 0 for 0%, 1 for 1-10%, 2 for 11-50%, 3 for 51-80%, and 4 for 81-100% positive cells), yielding an overall score of 0-12.
MIB-1 (antibody against Ki-67): The percentage of positive nuclei was estimated by evaluating at least 100 cells in one continuous area in the respective compartment of the specimen.
Immunofluorescent staining ESC cultures were characterized and their purity and composition verified by immunofluorescent staining following standard protocols. ESC culture purity and composition were determined by staining with the ESC marker CD10 (monoclonal mouse CD10 antibody, unconjugated, clone 56C6, DAKO M7308; Dako, Hamburg, Germany) diluted 1:100, the epithelial cell marker pancytokeratin (monoclonal mouse pancytokeratin antibody, clone C11-FITC, GTX Genetex 11212; GeneTex, Irvine, CA, USA) diluted 1:200, and the smooth muscle cell marker actin for myometrial cells (monoclonal mouse smooth muscle actin antibody, unconjugated, clone 1A4, DAKO M0851) diluted 1:200. In addition, the presence of hormone receptors was determined using the ESR1 antibody (monoclonal mouse, unconjugated, clone 1D5, DAKO M7047) diluted 1:50, and the progesterone receptor antibody (monoclonal mouse, unconjugated, clone PgR 636, DAKO M3569) diluted 1:50. Immunofluorescent stainings were evaluated using a Zeiss Axioplan 2 microscope and the AxioVision software release 4.8.2 (Carl Zeiss Microscopy, Jena, Germany).
Determination of in-vitro decidualization
After reaching confluence, ESC cultures were released from the culture flasks using 0.05% trypsin-EDTA (GIBCO/Life Technologies) and seeded into 24-well plates at 100,000 cells/well. Depending on the were performed at least in duplicate or in quadruplicate, which was standard for the controls. Decidualization in vitro was induced by incubating ESCs in cell culture medium containing 30 nmol/L 17β-estradiol (Sigma-Aldrich, Munich, Germany) and 1 µmol/L progesterone (Sigma-Aldrich) for 9 days. Estrogen and progesterone were dissolved in ethanol to a final concentration of <0.1% in the cell culture medium. Cell culture medium containing estrogen and progesterone was renewed every third day. To determine spontaneous baseline prolactin secretion, each culture was accompanied by a parallel internal control culture that was incubated under the same conditions but without hormonal treatment. Decidualization of hormonetreated and untreated ESC control cultures was assessed at days 0, 3, 6, and 9 by measuring prolactin and IGFBP-1 secretion into the supernatants using an enzyme-linked immunosorbent assay (ELISA; Human Prolactin DuoSet®, DY682, R&D Systems and Human IGFBP-1 DuoSet®, DY871, R&D Systems, Wiesbaden, Germany). The prolactin and IGFBP-1 assays had lower detection limits of 15.6 pg/mL and 31.3 pg/mL, respectively and were both performed according to the manufacturer's instructions. Sample values were calculated from standard curves. All supernatant samples were assayed in duplicate and mean prolactin levels were calculated for each sample. To correct for spontaneous (i.e. non-induced) baseline secretion of prolactin and IGFBP-1, levels measured in the unstimulated internal controls were subtracted from those measured in the stimulated ESC cultures from MRKHS patients and hysterectomy controls. In cases where two uterine rudiments (left and right side) were available from the same patient, mean prolactin and IGFBP-1 levels for the ESC cultures from the left and the right rudiment were plotted separately in addition.
Quantitative real-time PCR (qRT-PCR) analysis of key decidual genes
Key decidual genes were investigated to ascertain whether they were dysregulated in MRKH patients upon decidualization. To this end, primary cultures, passaged once, from controls and MRKH patients remained untreated or were decidualized with 30 nmol/L 17β-estradiol and 1 μmol/L progesterone for 9 days. qRT-PCR analysis as described below was used to determine transcript levels of PRL, IGFBP-1, transcription factor forkhead box 1 (FOXO1), homeobox protein Hox-A10 (HOXA10), CCAAT/enhancer-binding protein beta (C/EBPbeta), PGR, ESR, and proliferation marker Ki-67 (MKI67).
For qRT-PCR analysis, total RNA was extracted from the ESC cultures, using TRIzol® (Invitrogen, Germany). Equal amounts of total RNA (2 µg) were reverse transcribed using the SuperScript™ First-Strand synthesis system for RT-PCR (Invitrogen/Fisher Scientific, Schwerte, Germany) and the resulting cDNA was used as a template in qRT-PCR analysis. The gene-specific primer pairs (available on request) were designed using the Primer Blast software. The expression of hL19 (RPL19: Ribosomal Protein 19; Sigma-Aldrich), a human housekeeping gene, was used to normalize for variances in input cDNA. Detection of gene expression was performed with KAPA SYBR® FAST Green (PEQLAB, Erlangen, Germany) and qRT-PCR was performed on the BioRad iCycler iQ™ Real-Time PCR Detection System (Bio-Rad Laboratories, Munich, Germany). Sample expression levels were expressed as arbitrary units defined by the ΔΔC T method as previously described [28] . All measurements were performed in triplicate. Melting curve analysis and agarose gel electrophoresis confirmed amplification specificity.
Statistical analyses
Arithmetic means and standard errors of the mean (SEM) were calculated for the prolactin and IG-FBP-1 concentrations in the ESC supernatants from MRKHS patients and hysterectomy controls. Differences in prolactin and IGFBP-1 levels were assessed by the Wilcoxon-Mann-Whitney test and a significance level of 5% was chosen. All tests were performed and all line graphs created using R version 3.1.3 [29] .
For the PCR experiments, statistical analysis was performed by one-way ANOVA followed by Bonferroni's post-hoc test. Statistical significance was observed when p < 0.05. Table 1 shows the baseline demographic and clinical characteristics of MRKHS patients whose uterine rudiments yielded sufficient endometrial tissue to establish ESC cultures for the hormonal stimulation studies, and of the controls.
Results
MRKHS patient characteristics
Immunohistochemistry: Differentiation of MRKHS uterine rudiments
As shown in Table 2 , 7 of the 8 MRKHS patients who had sufficient endometrium for ESC cultivation were in the proliferative cycle phase and one was in the secretory phase. Only two patients, M25 (secretory phase) and M45 (proliferative phase), exhibited phaseappropriate hormonal responsiveness. The endometrium from patient M25 exhibited low IRS values for the hormone receptors, in particular for PGR, and for the tissue's proliferative capacity as represented by Ki-67, which was an expected finding for the secretory phase. By comparison, the IRS scores for the hormone receptors in the endometrium from patient M45 were higher and were combined with a correlating stronger proliferative capacity as evidenced by a strong Ki-67 reaction in the epithelium of the right uterine rudiment, which was an expected finding for the proliferative phase (Fig. 1) . Correspondingly, the M25 and M45 ESC cultures were the only cultures to exhibit proper decidualization as they showed a marked increase in prolactin and IGFBP-1 after hormonal stimulation in vitro (Fig. 3 ). The remaining 6 MRKHS patients were all in the proliferative phase but although these patients had hormone receptor IRS values similar to those observed for patient M45 this was not accompanied by a high proliferative capacity, as evidenced by a very weak Ki-67 reaction in most cases. The uterine rudiments of these patients thus showed no corresponding hormonal response in vivo and the resulting ESC cultures exhibited no increase in prolactin or IGFBP-1 secretion after hormonal stimulation in vitro. Table 2 . Presence of estrogen and progesterone receptors and the proliferation marker Ki-67 (measured using the MIB1 antibody) in endometrial tissue from MRKHS uterine rudiments
Decidualization of MRKHS versus control ESCs
ESC culture purity and the presence of hormone receptors were ascertained by immunofluorescent staining before hormonal induction of decidualization. On average, purity exceeded 90% as indicated by the specific endometrial stromal cell marker CD10. Contamination with cells from the underlying myometrium was excluded by staining with the smooth muscle cell marker actin, which revealed positive individual cells in occasional ESC cultures (data not shown). Moreover, ESR1 and PGR were detected in ESC cultures from MRKHS patients and hysterectomy controls (n = 4) in varying quantities before hormonal induction.
To investigate further the response of decidual cells from both patient groups, we decidualized purified endometrial stromal cells in the presence of 30 nmol/L 17β-estradiol and 1 µmol/L progesterone for 9 days. As shown in Fig. 2 , decidualization as represented by estrogen and progesterone-induced changes in prolactin and IGFBP-1 levels over a 9-day period in 11 ESC cultures from 8 MRKHS patients were compared with 10 hysterectomy controls. At day 9, mean (SEM) prolactin secretion was significantly lower by 89.0% in MRKH ESC cultures than in hysterectomy control ESC cultures (3054 (2025) vs. 27663 (6967) pg/mL; Wilcoxon-Mann-Whitney test, p = 0.001), indicating that decidualization was significantly less pronounced in the MRKH ESC cultures (Fig. 2a) . Determination of mean (SEM) IGFBP-1 secretion levels at day 9 revealed similar results to those of prolactin secretion and again demonstrated a significant decrease by 99.5% for MRKHS ESCs vs. hysterectomy controls (1379 (908) vs. 275445 (179321) pg/mL; Wilcoxon-Mann-Whitney test, p < 0.001; Fig. 2b) . For unknown reasons, we observed high values for IGFBP-1 on day 0, which declined until day 3 but subsequently showed the same tendency as prolactin.
Differences in decidualization among MRKH ESC cultures
The individual MRKH ESC cultures representing individual patients exhibited marked inter-individual variation in prolactin secretion (Fig. 3) . Uterine rudiments from the same patient are identified as "left" and "right".
MRKH ESC cultures M16, M50, M52, and M56 showed poor decidualization, as indicated by low prolactin secretion before day 9 or exhibited prolactin levels near the ELISA's lower detection limit (15.6 pg/mL). The prolactin levels in the M43 (left and right) and M58 cultures increased slightly over time but their day-9 average of 88 pg/mL was still negligible compared with the levels in the hysterectomy control cultures reported above. By contrast, the M25 (left and right) and M45 (left and right) cultures exhibited marked increases of up to 12123 pg/mL (day 9). Notably, the final prolactin levels in the M25 (left and right) and M45 (left and right) cultures were within the scattering range of the levels in the hysterectomy control cultures (Fig. 3a) . It could also be shown that in patients with two uterine rudiments, i.e. one on the left and one on the right side, intra-individual variation in ESC prolactin levels was low while inter-individual variability was considerable. IGFBP-1 levels indicated the same tendency (Fig. 3b) ; intra-individual variation was seen between the left and right rudiment levels in M25.
MRKHS phenotype and ESC response to hormone stimulation
We examined whether the observed variability in hormone-stimulated prolactin and IGFBP-1 secretion in MRKH ESC cultures could be explained by the different manifestations of MRKHS (Table 1) .
The observed differences in prolactin secretion showed no clear correlation with type 1 or type 2 MRKHS. However, the two type-2 MRKHS patients were among those with the lowest prolactin secretion in the MRKHS group. Comparison of the blood hormone profiles taken one day before surgery revealed remarkable findings in the case of MRKHS patient M25. In addition to having the type-1 MRKHS phenotype, this patient had a hormone-producing benign ovarian cyst on her left ovary, leading to elevated blood estradiol, progesterone, and 
qRT-PCR analysis of key decidual genes
To test further the assertion that decidualizing ESCs from MRKH patients were impaired, we investigated key decidual genes in primary cultures. To this end primary cultures (3 controls and 11 MRKHS patients) were decidualized as above, and mRNA was extracted and subjected to qRT-PCR. Figure 4 summarizes the qRT-PCR analysis of the transcript levels of PRL, IGFBP-1, FOXO1, HOXA10, C/EBPbeta, PGR, ESR, and MKI67. Upon treatment with estrogen and progesterone decidualization was apparent in the control group, which is in keeping with previous findings [28] . Surprisingly, decidualization was also observed in the MRKH group, but transcript levels were significantly lower than in the control group. Taken together, these results indicate that MRKH patients have an aberrant hormonal responsiveness resulting in impaired endometrial decidualization.
Discussion
The present study is, to our knowledge, the first to investigate primary ESC cultures from MRKHS patients in a functional approach by measuring decidualization to indirectly elucidate the role of hormone receptors in the etiology of MRKHS. Earlier studies have indicated that, potentially, hormone receptors may be dysfunctional in patients with the syndrome [2, 13] . A recent whole-genome analysis of our MRKHS patient population revealed overexpression of ESR1 and PGR in tissue from uterine rudiments [13] . A subsequent histological and immunohistochemical study revealed that the proliferative capacity of endometrium from MRKHS patients was significantly reduced [2] . Taken together, these two studies suggested that potentially a functional defect in ESR1 and PGR signaling could be responsible for the reduced proliferative capacity and the developmental defects associated with the syndrome. Our current approach to testing ESR1 and PGR function in MRKHS patients utilized the physiological conversion of endometrial stromal fibroblasts to secretory decidual cells in a process known as decidualization, when the endometrium prepares for embryo implantation during the second phase of the menstrual cycle [18, 19] . In vitro decidualization is induced by estrogen and progesterone via their respective cognate nuclear receptors [30] [31] [32] . Our present study demonstrated that control ESC cultures from hysterectomy patients showed estrogen and progesterone-induced prolactin and IGFBP-1 secretion, resulting in markedly increased levels at day 9 while MRKH ESC cultures exhibited significantly lower mean increases in prolactin and IGFBP-1 levels as well as decreased transcript levels of the key decidual genes PRL, IGFBP-1, FOXO1, HOXA10, C/EBPbeta, PGR, ESR, and MKI67. Indeed, seven of the eleven MRKH ESC cultures that we were able to investigate showed almost no increase in prolactin or IGFBP-1 levels; only four cultures from two patients who each had two uterine rudiments exhibited marked increases in prolactin and IGFBP-1 secretion in response to hormone stimulation. However, these four MRKH cultures from patients M25 (left and right) and M45 (left and right) warrant separate discussion because both MRKHS patients had relevant additional genital tract disease, as specified below.
The inability of seven verified MRKH ESC cultures to undergo decidualization could indicate a lack of hormone responsiveness and can indirectly be considered indicative of functional deficiency of ESR1 and PGR activity. Moreover, it is well established that sex steroid hormones and their receptors are involved in the development of the female genitalia and that any changes in effect or loss of function can lead to a wide variety of developmental defects such as those observed in MRKHS. Such negative impacts on female genital tract development are well documented, e.g., for the synthetic estrogen diethylstilbestrol (DES), and include, inter alia, malformations of the upper genital tract [33] . The role of hormone receptors in the proper development of the female reproductive tract has been investigated in several estrogen receptor (ER) and PGR knockout mouse models. The importance of ESR1 is evidenced by infertility and the presence of hypoplastic uteri in ESR1 knockout female mice [34, 35] . PGR knockout female mice exhibited similar deficiencies accompanied by implantation defects and the absence of ESC decidualization after progesterone stimulation [32, 36] . Moreover, whether other steroid hormones such as testosterone, mineralocorticoids or glucocorticoids are involved, is warranted given its role in decidualization [37, 38] .
Moreover, the importance of steroid hormones, such as estrogen and progesterone, and their receptors for the functioning and health of the adult uterus has been shown in numerous studies investigating endometriosis [39] [40] [41] , leiomyomas [42] [43] [44] , endometrial cancer [45, 46] , and recurrent pregnancy loss [47, 48] .
Progesterone controls a matrix of reproductive events including ovulation, embryo implantation, decidualization, and menstruation. A recent microarray study comparing puri-fied eutopic endometrial stromal cells from patients with and without endometriosis upon progesterone stimulation revealed that aberrant gene expression is not confined to progesterone response but is also evident in unstimulated cultures [49] . A characteristic of eutopic endometrium in patients with endometriosis is resistance to progesterone signaling, or "progesterone resistance". Both PGR isoforms derive from different promoter usage in a single gene, but PGR-B differs from PGR-A in that it contains an additional 164 amino acids at the amino-terminus [50] . While PGR-A and -B display identical hormone-and DNA-binding affinities, their actions are divergent. A number of alternatively transcribed, translated, or spliced isoforms have been described, including PGR-C, -M, or -S; however, it is unclear if these truncated PGR variants are physiologically active in vivo. PGR contains defined sequences, termed nuclear import and export signals, which enables the receptor to shuttle actively between the nuclear and cytoplasmic compartments. The unliganded receptor is assembled in large multi-subunit complexes that contain various heat shock proteins (e.g., HSP70) and immunophilins (e.g., FKBP51 and FKBP52) [51] . These chaperone proteins maintain the receptor in a conformation state that allows hormone binding and play a critical role in the dynamic shuttling of the receptor. Progesterone can move through the cell membrane and trigger a conformational change in PGR. This in turn results in dissociation from the chaperone proteins, dimerization, and binding of the receptor to specific DNA recognition sequences in the promoters of target genes, leading to activation or repression of transcription. Whether these processes are deregulated in MRKHS remains to be defined.
Our observations indicate that the basal transcriptome in the cohort of samples is perturbed. Impaired signaling from endometrium from MRKH patients may be due to direct impaired-progesterone signaling resulting in failure of the endometrium to undergo hormoneinduced decidualization, or indirect effects could point to aberrant epigenetic regulation that affects the chromatin landscape, leading to indirect steroidal signaling. Further studies are warranted to prove this hypothesis.
In our study, the four MRKHS ESC cultures producing remarkably high prolactin levels originated from two MRKHS patients with secondary diagnoses of adenomyosis, hormoneproducing ovarian cyst, and/or endometriosis, all of which are known to be associated with altered steroid hormone levels or effects. We therefore assume that these two MRKHS patients carried additional, adenomyosis and/or endometriosis related changes in the signaling pathways involved.
Thus, these secondary disorders may have a partially compensatory effect, at least with regard to the decidualization process in the uterine rudiments of adult MRKHS patients. However, adenomyosis and/or endometriosis are rare exceptions in MRKHS patients and do not necessarily occur in all uterine rudiments containing functional endometrium [52] [53] [54] [55] [56] [57] [58] [59] [60] . Another possible reason for the observed differences in prolactin and IGFBP-1 secretion between the ESC cultures from different MRKHS patients could also be the varying primary differentiation of the endometrial tissue in the respective MRKHS uterine rudiments of these patients [2] . Indeed, only the uterine rudiments of the two MRKHS patients whose ESC cultures exhibited a marked increase in decidualization markers also showed signs of appropriate hormonal responsiveness in vivo, as deduced from the correlation between the respective hormone receptor and proliferation status of the uterine rudiment tissue, and the corresponding cycle phase at the time of surgery.
The uterine rudiment tissues of the 6 MRKHS patients whose ESC cultures exhibited no sign of decidualization were found to be in the proliferative phase of the cycle but possessed no accompanying high proliferative capacity as represented by the proliferation marker Ki-67. As mentioned above, the decrease in proliferative capacity of MRKHS-derived endometrium during the proliferative cycle phase could be a direct consequence of impaired hormone receptors, among other things.
Limitations of the present study include the in vitro approach as such, which may not fully replicate the in vivo situation. Moreover, the yield of endometrial tissue was low due to the nature of the disorder and our MRKHS patient population was a convenience sample rather than a randomized sample because of the low incidence of the disorder [10, 61] . Finally, it must be emphasized that receptor functionality was not evaluated directly in our study. Lack of hormone responsiveness does not necessarily imply receptor dysfunction. The direct role of receptor changes in many instances is unclear and there is increasing evidence that post-receptor epigenetic changes as well as involvement of microRNAs or any other epigenetic factors may play a role in this pathology [30] .
Progesterone resistance due to several potential mechanisms has been described in diseases like endometriosis [30] . On the other hand, partial progesterone resistance is reminiscent of the fetal and neonatal situation and seems to persist into adolescence, leading to major obstetrical problems. Preconditioning of the uterus in response to cyclic menstruation during adolescence appears to be a prerequisite to achieve full endometrial responsiveness to hormones [62] . As this effect is missing in MRKH syndrome this might be another reason for the immature endometrium found in the uterine rudiments.
Mouse models have demonstrated that the absence of ESR1 or PGR, and the resulting loss of hormone receptor function, can lead to malformations of the female genital organs, in particular to a hypoplastic uterus or vagina [34, 35] . Interestingly, secondary disorders such as adenomyosis or endometriosis, which were present in two of our MRKHS patients, may apparently affect pathways similar to those suspected to play a role in MRKHS itself, as evidenced by hormone-induced decidualization occurring only in these two exceptional cases. Hence, on the one hand our findings support the hypothesis that similar signaling cascades are involved both in the development of the female genital tract and in adult uterine function during the processes of the menstrual cycle. On the other hand, the observed differences in prolactin and IGFBP-1 secretion between ESC cultures from different MRKHS patients may result from primary differences in endometrial hormonal responsiveness, which in turn may reflect the variation in syndrome severity. Of course, within the limitations of our methodological approach, we cannot rule out completely that, in addition to functionally impaired hormone receptors, other mechanisms and genes might also be affected. However, our results suggest the involvement of the hormone receptors ESR1 and PGR in MRKHS. In addition, in-vitro decidualization of primary MRKH ESC cultures provides a powerful tool for further research into MRKHS, and especially into pathways involved in the syndrome.
In conclusion, our present study provides novel evidence that lack of hormone responsiveness plays a role in the onset of MRKHS.
